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Esta tesis comprendió dos artículos, ambos aceptados por la revista Forest Ecology and 
Management. Nosotros modelamos el crecimiento en altura de Oenocarpus bataua var 
bataua en bosques premontanos de la cordillera Central de Colombia, determinamos la 
duración de la fase de establecimiento, el patrón espacial, sus atributos vitales y su 
demografía. Para ello empleamos 36 parcelas permanentes censadas hasta 13.4 años. La 
modelación del crecimiento en función de la edad se validó mediante dataciones con 
14
C, 
la fase de establecimiento datada con 
14
C tuvo una duración de 37.5±0.7 años. Algunos 
otros resultados fueron: la estructura de alturas y de edades en forma de campana sugieren 
que esta población no es sostenible en el largo plazo, el tiempo de duplicación supera en 
8.1 años la vida media demuestran que esta población está declinando. Sugerimos que el 
patrón espacial gregario a nivel del paisaje podría deberse a explotaciones selectivas de 
árboles de las cuales presentamos evidencias que se remontan cerca de 90 años atrás. 
Sugerimos que los grupos de O. bataua se establecieron inmediatamente después de estas 
cortas selectivas maderables. 
 
 
Palabras clave: atributos vitales, datación por 
14
C, demografía, duración de la fase de 


















This thesis involves two papers, both accepted by Forest Ecology and Management. We 
model the growth in height of Oenocarpus bataua var. bataua as a function of age in 
premontane forest of the Central Cordillera, Colombia and the duration of the 
establishment phase, the spatial pattern, its vital attributes, and its demography. To do this 
we used 36 permanent plots censuses up to 13.4 years. The height growth model as a 
function on age was validated by 
14
C dating, the establishment phase dated by 
14
C lasted 
37.5 ± 0.7 years. Some other results were: the structure of heights and ages in bell-shaped 
suggests that this population is not sustainable in the long term, the doubling time that 
exceeds in 8.1 years the half-life shows that this population is declining. We suggest that 
the clumped spatial pattern at the landscape level could be due to selective logging about 
which we present evidences dating back nearly 90 years ago. We suggest that groups of O. 
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RLS annual rates of leaf scars, scars year
-1
 
RGL annual rates of growth in length, m year
-1
 
l the stipe lengh, m 
SPL 
leaf scars on the stipe and the leaves of the crown of 
each palm, scars and leaves 
MRLS mean rate of leaf scars, scars year
-1
 
t age of the stipe, years 
PP 
Permanent plots, 0.1 ha (50 m x 20 m) and a subplot 
of 0.01 ha(10 m x 10 m) 
TP  
Circular temporary plots 0.1 ha and a circular 
subplot of 0.01 ha. 
DBH; D Diameter at breat height (1.3 m above ground), cm 
ALB Aboveground live biomass of the forest Mg ha
-1 





Chapter 1 Modeling the stipe growth of the 
Oenocarpus bataua palm in the Central Cordillera 
of the Andes, Colombia* 
 
1.1 Abstract 
Over 9.4 years in the premontane natural forest of Colombia, we measured the annual rates of 
growth in length (RGL) of the stipes, the stipe length (l) and the annual rates of leaf scars (RLS) 
in 109 palms of Oenocarpus bataua. We counted leaf scars on the stipes and the leaves of the 
crown of each palm (SPL) and determined the position of the scar from the first inflorescence on 
79 stipes. The RLS are not correlated with the RGL, are not constant and show negative allometry 
with l. We correct the RLS of each palm with the mean value of a function to obtain the mean 
rates of leaf scars (MRLS). We estimate the age (t) for each l, dividing SPL by MRLS for each l. 
We model l as a function of t in years using von Bertalanffy´s growth model (l=f (t)) and the 
relative growth in length, RGL ((1/l)dl/dt=f(t)), which we integrate to obtain a new expression of 
von Bertalanffy´s growth model. For the same ages, both growth equations estimate very similar 
values of l that are not significantly different from the values of l for 27 palms whose ages were 
determined using 
14
C bomb dating. By averaging the values of the two growth equations, we 
obtained the following results regarding the life history of O. bataua: (i) the life span once the 
elongation of l begins is 169 years, (ii) the half-life is 35 years, (iii) the mean residence time is 
33.3 years, (iv) the maximum RGL(dl/dt) is 0.37 m year
-1
 and occurs at 17.3 years, (v) and the 
maximum l/t, is 0.31 m year
-1
 and occurs at age 31. Moreover, the age of the first reproductive 
event occurs at 18.63±6.08 years and at l heights of 5.56±1.79 m. 
 
Keywords: age determination, age estimation, 
14
C bomb dating, stipe growth modeling, 
Oenocarpus bataua, vital attributes. 
___________________ 
*Article accepted in Forest Ecology and Management (2 December 2013) 
Available online: DOI:http://dx.doi.org/10.1016/j.foreco.2013.12.005 
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1.2 Introduction 
Oenocarpus bataua var. bataua is one of the more useful palm species in the American 
rainforests. The oil this palm produces is comparable to olive oil and is widely used by the ethnic 
groups living in these forests (Balick, 1992). The pulp of the fruit is a source of protein, fats and 
carbohydrates comparable to meat and breast milk (Collazos and Mejía, 1988; Díaz and Ávila, 
2002). The hard wood of the palm is also used to build houses, as roofing sheets, and as the base 
of barbs for blowgun darts, among other uses (Miller, 2002). O. bataua is a monocaule palm 
from the subcanopy and canopy of the forest and has a wide geographic distribution in the 
lowlands and premontane rainforests of the Amazon Basin and Northern South America and 
Panama (Henderson et al., 1995; Miller, 2002).  
Modeling the organic growth of trees and palms of natural forests and estimating the age at 
which they reach certain sizes allows measurement of attributes of their natural history, such as 
the age of their first reproductive event, the abundance and frequency of offspring and 
senescence (Begon et al., 2006; Karkach, 2006). These attributes are essential to design 
sustainable harvesting practices for economically important tropical species and for management 
organizations seeking to optimize tropical plant use in the wild (Bernal et al., 2011; Johnson, 
1997; Nepstad and Schwartzman, 1992). To study the demographics and life history of the 
palms, the transition matrices of Lefkovitch (Caswell, 2001; Pinard and Putz, 1992) have 
frequently been used. These matrices detail the lack of knowledge of the age of the palms and 
calculate the probability of a transition between the stages of development observed at two 
different times, usually separated by a number of years. Other authors have estimated the age at 
which the stipes reach a certain length by measuring the growth of the stipes of marked palms to 
simulate their maximum, mean, and minimum trajectories as a function of time (Bullock and 
Heath, 2006; Lieberman and Lieberman, 1988; Rodríguez-Buriticá et al., 2005; Widyatmoko et 
al., 2005). The organic growth model of von Bertalanffy (Gonzalez, 2002) has also been used. 
This model assumes that the annual rates of growth in length (RGL) observed for the stipe length 
are equivalent to the derivative of growth in length divided by the time derivative as a function 
of the stipe lengths l (dl/dt=f(l)). The integration of von Bertalanffy´s differential model produces 
the equation l=f(t), where t is the age in years. Many investigators have used the Corner’s 
hypothesis (Corner, 1966), which states that each palm produces and loses the same number of 




leaves per year. Therefore, if the rate of formation or falling leaves in a species of palm is 
determined over a few years, the number of leaf scars on the stipes plus the leaves of the crown 
(SPL) divided by the annual rate of leaves falling gives a reliable estimation of the age of a palm 
(Ataroff and Schwarzkopf, 1992; Borgtoft and Balslev, 1990; Corner, 1966; Miller, 2002; 
Oyama, 1993; Sist, 1989). Some authors determine the turnover rate of leaves as the annual rate 
of leaf formation, others as the annual rate of leaves falling, and still others as the annual rate of 
leaf scars (RLS). Throughout this study, we will use the latter meaning. 
There is no reliable information on age estimation for the wild palms of O. bataua because the 
researchers reported in the literature have several shortcomings. In several studies, the Corner’s 
hypothesis was not demonstrated and small sample sizes were used in these reports (Borgtoft and 
Balslev, 1990; Kahn and de Granville, 1992; Miller, 2002). In another case, only small palms or 
the lower halves of stipes were observed (Sist, 1989). Two additional studies had a very short 
observation time for the RGL of only one year or less (Borgtoft and Balslev, 1990; González, 
2002). Next, the palms were growing fully exposed to the Sun and were not in the forest in one 
study (Borgtoft and Balslev, 1990). As a final example, the age of wild palms was based on 
estimates provided by local communities without independent validation (Miranda et al., 2009, 
2008). We did not find any studies on Andean populations. All of these shortcomings suggest 
that some of the vital attributes of the life history of O. bataua are unknown. 
Stipes for the first fructification have been reported at various sizes in different studies, 
ranging from 4 to 7.9 m (Miranda et al., 2009), 6 m (Miranda et al, 2008; Sist, 1989), and 1.12 to 
5.85 m (Borgtoft and Balslev, 1990). The age of this event is also reported at a broad range of 
between 15.8 and 25 years according to Miller (2002) using the Corner’s hypothesis, 12 years 
(Miranda et al., 2009) as obtained from the local people, or between 5 and 30 years as also 
reported by people inhabit the forest (Játiva and Alarcón 1994). These data are not considered to 
be sufficiently reliable. 
In this study, we seek to overcome the limitations of previous research in O. bataua and 
attempt to answer several questions. First, is the RLS constant or variable and, if so, is there a 
way to model it as a function of l? Second, is there any functional relationship between the RGL 
and l such that l may be estimated as a function of t? Third, if l=f (t) is estimated based on the 
two previous questions, do both methods produce a similar stipe length for the same age? Fourth, 
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may the age of the stipe of the palms be accurately determined? Fifth, which of the following are 
the vital attributes for the lifecycle of the stipe of this species: life span, mean residence time, 
half-life, age and stipe length at the first reproductive event, age and growth rates of length when 
the stipe reach the maximum instantaneous growth rate, and the time when they reach their 
highest average growth rate? 
 
1.3 Methods 
1.3.1 Study area 
We conducted the study in the primary premontane forests of the Porce River Canyon, Central 
Cordillera of the Colombian Andes, approximately between 6° 44'50" - 6° 47'33" N, and 75° 
07'36 " - 75 ° 6'31" W. The mean annual rainfall is 1,995 mm, and the average annual 
temperature at 960 m asl is 23.3 °C (EPM, 2005). The topography is steep and the soils are acid 
and derived from granitic rocks. 
1.3.2  Establishment of plots and data collection 
Between 1999 and 2000, Orrego and del Valle (2003) randomly established 34 permanent 
plots of 0.1 ha (50 m x 20 m) in an area of approximately 700 ha of primary premontane forests 
to study their dynamics. The minimum distance between the nearest permanent plots was some 
200 m, and the farthest plots up to about 6.3 km which is the distance between the two most 
distant forests fragments. In 17 of these plots, whose altitude ranged between 1,021 and 1,222 m, 
we recorded the presence of O. bataua palms. Between December 13, 1999 and August 19, 
2000, we marked with yellow paint the insertion point of the base of the lower leaf in 148 stipes 
of O. bataua that we found in these plots, such that both the base of the leaves and the stipes 
were painted. In O. bataua, the falling leaves have a very noticeable circular scar around the 
stipe. Between September 12, 2009 and December 29, 2009, we found 109 survivor palms. We 
then climbed back to the palms to make the following observation for each one: the length from 
the base of the stipe at ground level to the base of the lower leaf of the crown, the length from the 
yellow paint mark on the stipe to the base of the lower leaf on the stipe, the number of leaf scars 




between the yellow paint mark and the lower leaf, the total length of (l) of each stipe, the number 
of leaf scars when the first scar of inflorescence occurred in 79 stipes, and the number of leaves 
in the crown. On average, the time that elapsed between the two observations was 9.4 years, with 
a range between 8.78 and 9.83 years. For each palm, we estimated the RLS and the SPL.  
1.3.3 Age estimation by the RLS 
In many species of palms, the rate of leaves falling equals the rate of leaf formation because the 
number of leaves per individual palm is approximately constant for most of its life (Lugo and 
Rivera, 1987). In the species of palm in his study, Corner (1966) found that the RLS was constant 
throughout the palm’s life. Therefore, if these hypotheses are correct for O. bataua, dividing the 
SPL by the RLS would be sufficient to estimate the age of the stipe of each of the palms that 
survived the measurement period. If, conversely, the RLS is not constant but is instead a function 
of l, the mean value of this function is used to find the mean annual rates of leaves scars (MRLS) 
for each l. To do this, we use an allometric function of the RLS observed in all of the surviving 
palms as a function of their values of l: 
RLS=a(l)
b 
or, ln(RLS) = ln(a) + (b)ln(l).                                                                                     (1) 
In the linear form, Eq. (1) shows that each of the palms has a function parallel to allometric Eq. 
(1) in their statistical fit because they share the same slope (b). However, each of them have 
different intercepts (ln(a)); therefore, the allometric function of each one of the palms is known. 
For field information, we established both the ln(RLS) and ln(l), and the slope (b) is common 
among all palms. We therefore may estimate the value of the intercept for each of them. For 
example, if in a palm from the database the RLS=1.059 scars year
-1
 and l=5.64 m, then 
ln(1.059) = ln(a) + b(ln 5.64), then, a=1.059/(5.64)
b
.                                                         (2) 
We next calculate the mean value of the RLS for each palm in the sample using the mean value 
of the function (Eq. 3) 
MRLS= [1/(l2-l1)] ∫         
  
  
,                                                                                          (3) 
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where: l1=0, is the base of each stipe, and l2 is the length (m) of each stipe at the final 
measurement. When we divide the SPL by the MRLS of each palm, we obtain a better estimate of 
the age of each stipe than that obtained if we divide the SPL by the RLS.  
1.3.4  Study of the organic growth of the stipes 
We fit the von Bertalanffy's organic growth model (Vanclay, 1994) in its integrated version (Eq. 
4) with the values of l and t estimated by the division between the SPL and MRLS using ordinary 





 ,                                                                                                   (4) 
where the variables are defined in the following way: A=asymptote of l, m; t, age in years; b=1, a 
starting parameter with the restriction that when t=0, then l=0; EXP=Naperian operator; k= 
intrinsic organic growth rate, year
-1
; m=shape parameter. 
We then transform the original von Bertalanffy differential equation (Vanclay, 1994) into a 
relative growth equation by dividing both sides of the equation by l (Eq. 5) and estimating η, γ 
and m using ordinary non-linear least squares: 
(1/l)dl/dt= ηl
m-1
-γ.                                                                                                           (5) 
We lastly integrate Eq. (5) with the restriction that at when t=0, l=0 to obtain a deterministic 
expression of the growth model of von Bertalanffy (Eq. 4). 
1.3.5 Validation of the two equations used to estimate the age of the stipes 
of O. bataua 
To determine which of the two ways of estimating the age of the stipes of this palm -estimating t 
with the MRLS and using model (4) or using model (5) and integrating it to obtain model (4) with 
other parameters estimated - is most appropriate, we performed an independent determination of 
the ages of 27 stipes using the modern 
14
C %, an accurate method for determining the age of 
organic material produced after 1954. We then estimated the l of these palms using model (4) as 
obtained by the two procedures and using the t obtained using 
14
C. We compared the observed 
and estimated l using paired Student’s t-tests. We used the conventional radiometric method to 






C of wood cellulose at the Marzeev Institute of Medical Ecology in Kiev, Ukraine 
(Lab code IHME) and at the AMS (Accelerator Mass Spectrometer) at the Max Planck Institute 
for Biogeochemistry, in Jena, Germany (Lab code J). For the conventional radiometric method, 
we extracted approximately 20 g of wood from the base of the stipes at ground level; for the 
AMS, we extracted approximately 1 g of wood. We calibrated the dating using CaliBomb 
software (Hua and Barbetti, 2004; Reimer et al., 2004). In some palms, in addition to the sample 
from the base of the stipe, we extracted another sample of wood above the second leaf scare of 
each stipe from bottom to top. As a result, this sample was from more recently formed wood and 
is useful to determine the age of the stipes with less uncertainty (del Valle et al. 2014). 
14
C dating post-1950 depends on the effects of nuclear bomb tests on the atmospheric 
14
CO2 
concentration (Goh, 1991; Vogel et al., 2002), an outstanding biogeochemical tracer for 
determining the year of death of organic materials that were formed after 1954 when the 
atmospheric 
14
CO2 concentrations increased significantly and, by 1963 in the Northern 
Hemisphere, was nearly double the concentration established in 1950. In this year, the Limited 
Test Ban Treaty, which prohibited tests of nuclear devices in the atmosphere, in outer space, and 




was reached in 1964; 
since this date, the 
14
C concentration consistently decreased. Therefore, if the stipe of a palm is 
under 59 years old, it is possible to accurately date it using the 
14
C content in the wood at the 
base of the stipe using either the programs CaliBomb (Reimer et al., 2004) and OxCal (Bronk 
Ramsey, 2009) or the method proposed by del Valle et al. (2014). 
1.3.6 The vital attributes of O. bataua 
We consider the following attributes vital for each of the stipe growth equations of (l=f(t)), 
model (4): lifespan or the age required for l to reach 99% of the asymptotic value; half-life or the 
age required for l to reach 50% of the asymptotic value; the mean residence time or the mean 
number of years that the stipes stay alive in the forest as calculated using the inverse of k in 
model (4); the RGL maximum or the maximum value of dl/dt when deriving model (4) with 
respect to t; the age at which the maximum RGL (dl/dt) is reached as obtained by differentiating 
model (4) and equating it to zero; the maximum mean growth rate as obtained by maximizing the 
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function (l/t) by dividing both sides of model (4) by t; and the age and length of the stipe at the 
first fruiting. 
1.4 Results 
1.4.1 The vertical structure and annual rate of leaf scars (RLS) 
During the 9.4 years of the study we found that the number of leaves on crown (5 to 13, and 9 on 
average) was practically constant for each palm, the RLS ranged from 0.72 to 3.36 scars year
-1
. 
The RLS of the stipes did not have a normal distribution because both tests, the Shapiro-Wilks (p 
= 8x10
-19
 <0.05) and the Kolmogorov-Smirnov, rejected the normal distribution (p = 0.028 
<0.05). The Laplace distribution, or double exponential, had a better fit (p = 0.206> 0.05), which 
is typical in symmetric distributions with a sharp peak and long tails. Between 2 and 3 scars year
-
1
 are present on 78% of the palms (85 palms, Fig 1A). Table 1 shows the change of the RLS as a 
function of the classes of l. The mode, the mean and the median tend to increase when l 
increases, suggesting that the RLS is not constant but increases when l is longer. All of the 
measures of central tendency vary little when l>10 m (2.42 to 2.62 scars year
-1
) in 85% of the 
stipes. When l<10 m, the RLS is significantly lower than in taller palms but is present in only 
14.6% of the sample. The standard deviation (SD) and coefficient of variation (CV) of the RLS 
are drastically reduced when l increases (Table 1); the values decrease from 0.89 and 69.3%, 
respectively, for the palms with l<8 m to 0.29 and 11.9%, respectively, for the palms with l>20 
m. 





Fig. 1. Frequency distribution of the 109 palms of Oenocarpus bataua measured over 9.4 years. 
Annual rates of leaf scar formation, scars years
-1
, RLS (A). Length of the stipe,m, l (B). 
Diameter at breast height (1.3 m above ground), cm,  DBH (C). Annual rates of growth in 
the length of the stipe, m years
-1
, RGL (D). Leaf scars plus the leaves of the crown, SPL 
(E). Mean annual rates of leaf scars, scars years
-1
, MRLS (F). 
The frequency of the stipe heights shown in Fig 1B gives a reasonably normal distribution with a 
standardized kurtosis of 0.54, which is accepted by the Kolmogorov-Smirnov test (p=0.298> 
0.05) with the following values: mean 17.02 m, SD± 4.43 m, and range from 2.64 to 23.04 m. 
The frequency distribution of the DBH (Fig. 1C) fits a normal distribution (Kolmogorov-
Smirnov p=0.475>0.05), with a mean of 17.5 cm, an SD of ± 2.88 cm, and a range from 5.92 to 
27.80 cm. There is statistically significant negative allometry (b=0.3894<1, Eq. 6) between the 
RLS and l (Figs. 2A, and 2B). Fig. 2B highlights the parallel trend of the allometry of each of the 
palms with the fitted model for the entire sample and their intercepts of ln(RLS). 




 or, ln(RLS) = ln(0.8341) + (0.3894)ln(l)                                    (6) 
(n = 107, r
2
 = 0.455, MSE=0.1334, Durban and Watson statistics =2.3106, p =0.000)  
Table 1 Change of the annual rate of leaf scars (RLS) of Oenocarpus bataua depending on the 
length (l) of the stipes. 
   Classes of length of the stipes (m) 
Statistics 2.6<8 8<10 10<16 16<20 20<23 
Frequency 6 10 40 44 9 
Mode - 1.63 2.42 2.68 - 
Median 0.99 1.91 2.42 2.60 2.62 
Mean  1.27 1.88 2.46 2.55 2.48 
Standard  
Deviation (SD)± 
0.89 0.48 0.34 0.32 0.29 
Coefficient of 
variation (CV) % 
69.3 25.4 13.8 12.7 11.9 
 
In Eq. (6), the slope is significantly greater than zero and, therefore, the RLS is not constant but 
increases from l=0 to the maximum height that corresponds to the final measurement l for each 
palm. Using Eq. 6, the future RLS of each palm and the RLS for each palm before they reached 
their l in the final measurement may both be predicted. The values for all of the palms form 
straight lines parallel to Eq. (6) with the same slope (0.3894) but different intercepts, as can be 
seen in Figs. 2A and 2B. Therefore, if in Eq. (6) we replace the RLS by the value of this variable 
for each palm and l by the palm length, we may estimate its intercept, which is defined by the 
allometric equation of each palm of the sample. This allows for us to calculate the MRLS (Fig. 
1F) for all of the palms in the sample using the mean value of a function. For example, the 
equation for the palm presented under the heading “Age estimation by the RLS” is  
MRLS=
 
    
∫                 
    
 
  = 
                  
            
 = 0.76 scars year
-1
. 




1.4.2 The annual growth rate in length of the stipe (RGL) 
The RGL is not normal but is instead skewed to the left with a modal value of 0.16 m year
-1
, 
corresponding to 56% of the stipes (Fig. 1D). According to the Kolmogorov-Smirnov test, the 
best frequency distribution for these data is the log-logistic distribution (p=0.63>0.05). No 
relationship was found between the RLS and the RGL (Fig. 2C, r=- 0.0942, p<0.05). These 
variables are therefore considered to be independent. Approximately 95% of the palms grew 
between approximately 0.07 and 0.4 m year
-1




1.4.3 Growth of the stipe of O. bataua based on the leaf scars plus crown 
leaves (SPL) 
Figure 2E shows a very strong negative allometric relationship between l and SPL (Eq. 7). 
l=0.9629(SPL) 
0.5845
                                                                                                  (7) 
(n=108, r
2
=0.8388, MSE=3.1918, Durban and Watson statistics=1.8369, p=0.000) 
In Figure 3, the scatter plot of the length of the stipes is shown at the estimated age with the SPL 
divided by the MRLS. After eliminating seven observations that were outliers, the fit of the von 
Bertalanffy`s growth model (4) produced Eq. (8)  
l=21.6362 (1 – EXP
 – 0.02604 (t)
)
 1.422
                                                                          (8) 
 (n=102, r
2
=0.775, MSE=3.2969, Durban and Watson statistics =2.00, p=0.000), 
which adequately describes the growth of the stipes of O. bataua statistically, given that the 
estimated ages for MRLS are approximately correct. 
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Fig. 2. Negative allometric function between the annual rate of leaf scars (RLS) as a function of the stipe 
length, m, l, (A). An allometric function of ln(RLS) versus ln(l). (B) The central bold line 
represents the mean allometric function for the entire sample. The lines on the sides represent 
allometric functions of two contrasting stipes: one with the highest RLS and the other with the 
lowest RLS. These lines show that they are parallel to the mean line because they have the same 
slope but different intercepts. The relationship among the annual rates of leaf scars (RLS) and the 
annual rates of growth in length (RGL), (C). Relationship between the mean annual rate of leaf 
scars (MRLS) and the RLS, MRLS=0.7197(RLS), (D). The relationship between the stipe length (l) 
and the number of leaf scars in the stipes plus the crown leaves (SPL) (E). The relative growth 
rates of the stipes ((1/l) dl/dt) as a function of their length, l (F). 




1.4.4 Age estimation based on the length growth rates (RGL) 
In Fig 2F and Eq. (9), we present the relative RGL as a function of l; it has a satisfactory 
statistical fit and does not have major problems with residuals. 
(1/l)dl/dt=0.3325l
-0.509
-0.0698                                                                                (9) 
(n = 84; r
2
 =0.888, MSE=0.00001, Durban and Watson statistics=1.70, p =0.000) 
We integrate Eq. (9) to obtain Eq. (10) (Fig. 4), 




.                                                                                   (10) 
The shape parameter estimators (m) differ between Eqs. (8) and (10) (0.2972 and 0.4910, 
respectively). Therefore, Eq. (10) has, in comparison with the Eq. (8), an earlier change in 
concavity (15.7 years versus 18.8 years). However, for the majority of the trajectories, Eq. (10) 
estimated values of l that were somewhat higher for the same ages than did Eq. (8). The 
maximum difference occurs at age 64 and is 1.32 m (7.59%). During the first 35 years, the 
estimations of l are very similar, and for t>130 years, they are nearly identical because of the 
similarity of their asymptotes. 
In Eqs. (11), (12), (13), and (14) we calculate the absolute growth rates (dl/dt) and means rates 








                                                                    (11) 
lmean=[21.6362 (1 – e
 – 0.02604 (t)
)
 1.422







                                                                    (13) 




]/t                                                                               (14) 
1.4.5 Independent validation of stipe age 
The ages determined using modern 
14
C were calibrated using the software CaliBomb (Reimer et 
al., 2004) by the method proposed by del Valle et al. (2014) and are presented in Table 2. The 
Capther 1 23 
 
stipes of greater length tend to be older, and the correlation between stipe length and 
14
C age was 
r=0.78 (p <0.05). 
 
Table 2 Determination of the age of 27 stipes of Oenocarpus bataua by 
14
C % of modern (PmC) to the 
wood cellulose and estimated with Eqs. (8) and (10). lm, measured lengths; l8, lengths estimated 
using Eq. 8; l10, lengths estimated using Eq. 10. Lowercase letter “a” indicates a sample taken of 
the stipe at ground level, lowercase letter “b” indicates a sample taken of the stipe over the second 
scar from below to up. The stipes with small letters “a” and “b” were calibrated with CaliBomb 





C Midpoint Age lm l10 l8 
  measurement report 
  
years m m m 
No AD year AD % AD year old
c
       
    year 
  
        
1a
a
 2008.7 2010.6 143.1±0.9 1991.0 17.7 15.3 4.8 5.2 
1b
a
   2011.8 135.1±0.5 
 
        
2a
a
 2008.7 2010.6 108.7±0.6 1995.4 13.3 8.5 3.2 3.8 
3a
a
 2008.8 2010.6 120.5±0.6 1957.9 50.9 16.2 15.1 13.9 
3b
a
   2011.8 125.2±0.6 
 
        
4a
a
 2008.7 2010.6 129.0±0.7 1958.0 50.7 15.6 15.1 13.9 
4b
a
   2011.8 136.6±0.6 
 
        
5a
a
 2008.7 2010.6 112.8±0.5 1957.9 50.8 12.2 15.1 13.9 
5b
a
   2011.8 116.1±0.5 
 
        
6a
a
 2008.8 2011.8 109.5±0.5 1957.8 51.0 3.3 15.2 14.0 
6b
a
   2011.8 112.8±0.6 
 
        
7a
a
 2008.8 2011.8 114.8±0.6 1957.9 50.9 11.3 15.1 13.9 
7b
a
   2011.8 119.1±0.6 
 
        
8a
a
 2008.9 2011.8 129.1±0.6 1958.0 50.9 18.6 15.1 13.9 
8b
a
   2011.8 132.5±0.5 
 
        
9a
b
 2008.9 2011.7 107.31±0.31 1995.6 13.3 0.6 3.2 3.8 
10a
b
 2008.9 2011.7 106.64±0.31 1995.7 13.2 0.2 3.1 3.7 
11a
b
 2008.9 2011.7 106.41±0.33 1995.8 13.1 2.5 3.1 3.7 
12a
b
 2008.9 2011.7 106.46±0.32 1995.7 13.2 0.5 3.1 3.7 
13a
b
 2008.9 2011.7 109.22±0.29 1995.3 13.6 1.8 3.3 3.9 
14a
b














C Midpoint Age lm l10 l8 
  measurement report 
  
years m m m 
No AD year AD % AD year old
c
       
15a
b
 2008.9 2011.7 114.57±0.45 1994.5 14.4 9.6 3.6 4.1 
16a
b
 2008.9 2011.7 117.25±0.38 1994.1 14.8 10.7 3.7 4.3 
17a
b
 2008.7 2011.7 107.48±0.44 1995.7 13.0 5.6 3.1 3.7 
18a
b
 2008.9 2011.8 113.8±0.6 1994.6 14.3 10.4 3.5 4.1 
18b
b
 2008.9 2011.8 111.3±0.5 b 
 
        
19a
a
 2001.7 2002.1 111.19±0.58 1995.2 6.5 0.3 1.0 1.5 
20a
a
 2001.7 2002.1 130.15±0.84 1992.6 9.1 10.7 1.7 2.4 
21a
a
 2001.7 2002.1 109.78±0.61 1995.4 6.3 1.4 0.9 1.5 
22a
a
 2001.7 2002.1 108.12±0.47 1957.8 43.9 22.3 13.5 12.5 
22b
a
   2002.1 113.34±0.35 
 
        
23a
a
 2001.7 2002.1 110.87±0.82 1995.2 6.5 3.0 1.0 1.5 
24a
a
 2001.7 2002.1 113.69±0.53 1957.8 43.9 6.4 13.5 12.5 
24b
a
   2002.1 116.28±0.63 
 
        
25a
a
 2001.7 2002.1 114.04±0.82 1957.9 43.8 11.9 13.5 12.5 
25b
a
   2002.1 122.61±0.48 
 
        
26a
a
 2001.7 2002.1 125.59±0.91 1993.2 8.5 17.6 1.5 2.2 
27a
a
 2001.7 2002.1 114.33±0.56 1994.7 7.0 4.2 1.1 1.7 
a Radiocarbon analysis using conventional radiometric method, analyzed at the Marzeev Institute of Medical Ecology in Kiev, 
Ukraine (Lab code IHME).b Radiocarbon analysis using AMS method, analyzed at the Max Planck Institute for Biogeochemistry, 
in Jena, Germany (Lab code J). c To calculate the age you must subtract the calibrated date (Midpoint) from the year when the 
palm was measured the last time. 
 
The paired t-test contrasts the null hypothesis, which states that the mean lengths of thestipes, 
whose ages were determined using 
14
C, are statistically equivalent to those estimated to be the 
same age using Eqs. (8), and 10, with the alternative hypothesis being that the means are not 
equivalent (Table 3). The differences between the lengths measured and those estimated were 
normal for both comparisons (Shipiro-Wilk: δ(lm-l8), 0.472>0.05; δ(lm-l10), 0.463>0.05), validating 
the use of Student’s t-test. Paired t-tests (Table 3) indicate that there are no significant 
differences between the estimated and measured lengths using both Eq. (8) and (10). In addition, 
the correlations between l and the age of the 27 stipes as dated by 
14
C are equal and statistically 
significant. Therefore, both models are equally valid to describe the organic growth of the length 
of the stipe of O bataua once it begins elongation. 
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1.4.6 Vital attributes of O. bataua 
In Table 4, we present the vital attributes of O. bataua that are based on Eqs. (8) and (10) and 
their mathematical equations. Except for the mean residence time (MRT), which ranges from 
28.1 to 38.4 years, all of the other vital attributes are highly similar. Accordingly, we have 
averaged the values, and the results are as follows: the lifespan is 169 years; the half-life is 35.4 
years; the maximum absolute growth rate is 0.37 m year
-1
; the age at which the maximum 
absolute rate is reached is 17.3 years; the maximum mean growth rate is 0.31 m year
-1
; and the 
age at which the maximum mean growth rate is reached is 30.1 years. The average stipe height at 
the first fruiting is 5.53±1.79 m, with a range of 2.43 to 12.43 m and a CV = 32.1%. The 
estimated age of this event with the MRLS was 18.63±6.08 years with a range of 9.10 to 38.14 
years and a CV=33.7% (Table 4). 
 
Fig. 3. Growth curve of the stipe length of Oenocarpus bataua as a function of age as estimated by 
dividing the number of leaf scars plus crown leaves (SPL) by the mean annual rate of leaf scars 
(MRLS) 
 





1.5.1 Studies of organic growth and the RLS versus the MRLS  
The use of the RLS to study stipe growth in length and to estimate stipe age is well 
documented in the literature (Piñero et al., 1984; Lugo and Rivera, 1987; Ash, 1988; Warb and 
Ing, 1994; Rodríguez-Buriticá et al., 2005; Widyatmoko et al., 2005, among many others). 
However, most studies have been short in duration, and Corner’s assumptions (1966) regarding 
the consistency of the RLS has rarely been demonstrated conclusively. The paradigmatic work of 
Lugo and Rivera (1987), who observed the RLS of Prestoea montana in Puerto Rico for 36 
years, is not constant. Similarly, Piñero et al. (1984) found large variations in the RLS of 
Astrocaryum mexicanum after 7 years of observation. In contrast, Charles-Dominque et al. 
(2003) observed the RLS of A. sciophilum over 10 years and found it to be constant. Observation 
periods for the RLS of O. bataua have always been short, the sample size has typically been 
small, and the studies have produced highly dissimilar results. Among the various O. bataua 
results, 20 adult palms were observed in the Peruvian Amazon over four years, resulting in 
observations of between 0.33 and 3.33 leaves year
-1
 (Kahn and de Granville, 1992). Kahn and de 
Granville (1992) also conducted another study of 20 palms over a 3-year period, yielding 
1.77±0.67 (SD) leaves year
-1
. In the Ecuadorian Amazon, the 9 palms that are associated with 
agroforestry crops or pasture were observed for 0.87 and 1.02 years, respectively, and displayed 
between 0 and 6.9 scars year
-1
, 3.66 scars year
-1
 on average (Borgtoft and Balslev, 1990). Miller 
(2002) indirectly estimated an RLS of 2.4 scars year
-1
 in the Ecuadorian Amazon (CV=96.6%) by 
counting leaf scars between two adjacent inflorescence scars in 11 palms and dividing the result 
by the frequency between two consecutive flowering periods of 26 months taken from the 
literature. Sist (1989) observed 11 palms of the oligocarpa variety in French Guiana for 20 




but in palms with stipes under 8 m in 
length, the RLS was only 0.76 to 0.81 scars year
-1
. This result implies that the RLS increases with 
the length of the stipe, supporting our results. To our knowledge, the previously cited studies are 
all publications on the RLS in O. bataua. We therefore believe that estimating the ages of the 
stipes using the RLS is not adequately precise if the RLS is considered a constant rather than a 
variable and no appropriate correction factor is used. In addition, our results are more conclusive 
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because they involve a time period between 2.3 and 11 times longer and a sample size between 
5.5 and 13.6 times larger than previous reports. According to Fig. 2D, the MRLS/RLS is constant 
and equal to 0.7197, indicating that all of the former estimations of age based on the previous 
RLS underestimate the age of l by 28%. We want to note that our results related to RLS, RGL, 
lengths and diameters of the stipes, and age at first fruiting are phenotypic traits that may be 
affected by genetic and environmental factors. Therefore they cannot be extrapolated without 
caveats to other environments and populations, but for now they are good starting hypothesis. 
 
Table 3 Paired t-test for the lengths of the stipes of 27 palms whose ages were determined using 
14
C (lm,) 
compared to the lengths estimated using Eqs. (8), l8, and (10), l10.  
Variables lm l8 l10 
Mean, m 8.21 7.62 7.52 
Standard Deviation, ± m 6.53 5.67 4.86 




0.781, p<0.05  0.779, p<0.05 






Critical value of t(0.025,26) 
 
2.055 2.055 
 P value   0.466 0.395 
 
Although this study showed that the RLS is not constant in O. bataua, we have developed a 
method based on the mean value of a function to estimate the age of any of the stipes. By adding 
the leaf scars of the stipes plus the number of leaves in the crown and dividing the sum by the 
MRLS, the age of the stipe is more accurately estimated. This technique has previously been used 
for palms and allows for us to model a deterministic means of stipe growth as a function of age 
with very statistically satisfactory results (Eq. 8, Fig. 3). Previous studies have claimed that the 
only reliable method for determining the age of a palm is to witness its entire life history (Janick 
and Paul, 2008; Tomlinson and Huggett, 2012.). We believe that 
14
C dating can be used to 
determine the age of palms, especially of those less than 59 years old, and that deterministic 
growth models, such as the von Bertalanffy model, allow an appropriate estimation of palm age. 
Indeed, there was no statistically significant difference between the lengths of the stipes of 27 




palms and the length estimated by the growth model using the 
14
C ages of the stipes, which 
independently validates the model that used the MRLS (Tables 2 and 3). 
Because the RLS and the RGL are not correlated (Fig. 2C), we calculated the differential 
equation of von Bertalanffy for the relative growth of l as a function of l (Eq. 9 Fig. 2F), yielding 
very statistically satisfactory results. Previously, Gonzalez (2002) used a similar calculation for 
O. bataua of the flooded forests of the Chocó Region, in the Colombian Pacific, with 
unsatisfactory results. Three methodological details explain the differences between our results 
and those of Gonzalez (2002). First, Gonzalez measured the heights with clinometers, but we 
measured the length of the stipes by climbing to all of the palms and using tapes. Second, his 
observation period was one year, and ours was 9.4 years. Third, González fitted the absolute 
rates of growth of l (dl/dt) as a function of l to obtain low coefficients of determination and 
heteroscedasticity; we used the relative rates (1/l*dl/dt=f(l)) and obtained r
2
 =88.8% and 
homoscedasticity with (1/l) acting as a weighted value that reduces the variability of the growth 
rates as stipes become longer. 
 
Table 4 Key vital attributes of the lifecycle of Oenocarpus bataua as calculated using Eqs. (8) and (10) to 
























  m/years 
190 (8) 36.6 (8) 38.4 (8) 0.34 (11) 15.7 (11) 0.30 (12) 25.7 (12) 5.53±1.79  
148 (10) 34.1(10) 28.1(10) 0.39 (13) 18.8 (13) 0.32 (14)  34.5 (14) 18.03±6.08  
a Mean residence time, b Maximum absolute growth rate, c Age at the maximum absolute growth rate, d Mean maximum growth, e 
Age at the mean maximum growth, f Height for the first fruiting±SD / age for the first fruiting±SD estimated with the leaf scars 
plus the leaves of the crown divided by the MRLS. 
The independent validation of Eq. (10) closely estimates, as accurately as Eq. (8), the height of 
the stipes as dated using 
14
C. With the exception of a cultivated palm whose species was not 
reported by Vogel et al. (2002), and the study by del Valle et al. (2014), these measurements are 
the first examples in the literature of calibrated 
14
C dating of living palms and of a results 
validation of two independent models of organic growth of any species of palm. For a quick 
estimate of the most probable age of the stipe of a wild O. bataua palm, the RLS values for 
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height classes in Table 1 may be used. The RLS must be then corrected using the formula MRLS= 
0.7197 (RLS). The number of leaf scars in the stipe plus the number of leaves in the crown 
divided by the previously calculated MRLS is also an estimation of stipe age. Additionally, the 
length of the stipe may be measured and used to solve for the age (t in years) in Eqs. (8) and (10) 
by averaging the two estimates. Previously, it was believed that, due to the large variations of the 
growth rates and height of wild palms, it was not possible to model their growth as a function of 
age (Tomlinson, 1990; Pinard and Putz, 1992; Bullock and Heath, 2006). Our results clearly 
show otherwise. 
 
Fig 4. Left, Comparison of the model resulting from the integration of the differential equation 
of the height increment (l=f(t)), Eq. 10(A) and the von Bertalanffy`s growth model fitted 
with the age estimated by the mean annual rates of leaf scars (MRLS), (l=f(t)), Eq. 8(B). 
Right, Mean annual growth rates of the stipes calculated using Eq. 12, lmean=f(t), (C). 
Mean annual growth rates of the stipes calculated using Eq. 14, lmean=f(t), (E). Absolute 
growth rates calculated using Eq. 11 dl/dt=f(t), (E). Absolute growth rates calculated 
using Eq. 13, dl/dt=f(t), (F). 




Pinard and Putz (1992) provide references that support the hypothesis that the RGL increases 
with an increase in l. Our results confirm this but only until approximately 16 to 19 years of age 
(Fig. 4, Table 4), after which the RGL continuously decreased even with increases in t and l. 
A straight line with a zero intercept between the MRLS and the RLS (Fig. 2D) was related by a 
constant slope of 0.7197. When calculating the MRLS of only a palm, we would have obtained 
the same result. Therefore, the RLS observed in a single palm may be used to obtain the MRLS of 
another species by applying this factor to other palms sampled to estimate their stipe age. This 
procedure would allow a more accurate and low-cost study of the vital attributes of palms and 
would also correct data for previously studied palm species. 
Our results suggest that the RLS depends more on l than on the RGL (Figs. 2A and 2B). A larger 
RGL may be related to the plant receiving more light on the crown of the palms and to ontogeny 
(Sist and Puing, 1987; Tomlinson, 1990) because the RGL reaches a maximum between 
approximately 16 and 19 years (Fig. 4, Table 4). 
Unlike the RLS, which had symmetric results (Fig. 1A), the RGL is skewed to the left (log-
logistic). Most stipes grew less than 0.25 m year
-1
, and only 4.6% grew between 0.4 and 0.79 m 
year
-1
 (Fig. 1D). The upper figures are consistent with those reported by other authors (Borgtoft 
and Balslev, 1990; González, 2002), but the lower and the mean are substantially higher that 
what the authors previously reported. Based on information provided by the indians, Miranda et 
al. (2008, 2009) reported on O. bataua in the forests of Bolivia. After an establishment phase of 
only 16.5 years, the plant requires 21 years to move from the pre-adult to adult stage, and at age 
12, it reaches 6 m long when fruiting begins. These data implies that the stipes maintain an 
unlikely average growth rate of 0.5 m year
-1
 (See Fig. 4). Our models estimate 23 (Eq. 8) and 21 
(Eq. 10) years for the average times when the stipes reach 6 m in length and have RGL 
maximums of 0.3 and 0.32 m year
-1
; it takes between 23 and 34 years to reach the these values 
(Table 4). 
1.5.2  Vital attributes of O. Bataua 
The literature contains little information on the quantitative vital attributes of O. bataua. Kahn 
and de Granville (1992) in the Peruvian Amazon found, based on exponential mortality rates, 
that the average residence time was 25 years, similar to the 28 years that we found with Eq. 10 
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(Table 4). Many authors have found vital attributes of different palm species based on rates of 
population growth and exponential mortality, under the usually undemonstrated assumption that 
these variables are independent of the population density. This study explores other ways to 
calculate these and other significant vital attributes based on organic growth (Table 4). The life 
span of 169 years is near the lower range of 100-700 years for canopy palms quoted by Janick 
and Paul (2008). 
There are many opinions regarding the reproductive age O. bataua. The average age is 18 
years (Játiva and Alarcón, 1994). A range of 1.7 to 19.11 years (Borgtoft and Balslev, 1990) was 
found in the forests of Ecuador, and 6 years was reported in the Venezuelan Amazon (Sirotty and 
Malagotty, 1950). In Brazil, 8 to 15 years (Gomes-Silva, 2003) was found, and 12 years in the 
Bolivian Amazon (Miranda et al., 2008; 2009). Miller (2002), however, estimated an average of 
25 years in the Amazon. Sist (1989) found 15.8 years on average for O. bataua var. oligocarpa. 
There are issues with these data, however, including that the data from surveys of people living 
in the forests are difficult to scientifically verify, the samples are small, the observations are of 
short duration, and the ages were estimated using RLS without correction. Our results in 79 
palms indicate that the age at first fruiting is 18.03±6.08 years, indicating that finding stipe of 
palms that are within ± one SD of starting to fruit at 11.95 years old with an l of 3.8 m and others 
at 24.11 years old and an l of 7.3 m is possible. 
 
1.6 Conclusions 
1. The annual rate of leaf scars in the stipe of O. bataua is not constant but instead allometrically 
increases both with the length of the stipe and with the age. 
2. The annual rate of growth in length of the stipes and the annual rate of leaf scars are 
uncorrelated. 
3. The mean value of the allometric function of the rate of leaf scars as a function of the length of 
the stipes divided by the leaf scars plus the crown leaf is a more suitable method to estimate the 
age of the stipes than is the number of leaf scars observed over 9.4 years. The number of scars 
underestimates the age by 28%. 




4. On average, the two models produced the following vital attributes to the stipes of O. bataua: 
lifespan 169 years, half-life 35 years, mean residence time 33.3 years, maximum absolute growth 
rate 0.37 m year
-1
 presented at 17. 3 years, maximum mean growth rate 0.31 m year
-1
 presented 
at 31 years, the age of the first reproductive event occurs at 18.03±6.08 years in stipes of 5.53± 
1.79 m. 
5. The von Bertalanffy’s growth model for the length of the stipes of O. bataua depends on the 
stipe age. The integration of the relative growth rates as a function of the length of the stipes 
yields a very similar growth equation to that of the von Bertalanffy model. Both models 
estimated the stipe length for 27 palms that were dated with radiocarbon and did not show 
significant differences in the Student´s paired t-tests. 
5. Radiocarbon bomb dating can accurately determine the age of stipes of palms within less than 
60 years. 
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Chapter 2 Establishent phase, spatial pattern, age, 
and demography of Oenocarpus bataua var. 




Oenocarpus bataua var. bataua is a key species in the tropical rain forests of South America 
because it is one of the 10 most abundant tree species and one of most used by Amerindians.  
However, there is an acute lack of verifiable information about the duration of some of its 
ontogenic phases, the exact age of the palms, and the effect of gap formation on its spatial 
distribution. We employed 36 permanent plots (PP) of 0.1 ha randomly distributed in a forest of 
700 ha in the Colombian Andes, in which we inventoried the stemmed palms at the 
establishment of the PP and after 13.4 years to study some ontogenic and demographic traits of 
this species. We dated underground and aboveground stems using the 
14
C bomb-effect and 
estimated the stem’s age by the rate of leaf-scar formation. We aimed at answering the following 
questions: (i) what are the main morphological characteristics of the underground stem and how 
long does it takes for its formation? ; (ii) what is the pattern of its spatial distribution at the 
landscape level, and what factors help to explain it?; (iii) is the population structure and 
demography associated with the previous history of the forest?; (iv) is the first flowering a 
function of the vigour of the palms?. We found that the underground stem of adult palms is 
usually obconical and reaches 73±13 cm in length (± standard deviation). 
_________________ 
*Article accepted in Forest Ecology and Management (24 May 2014) 
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 The duration of the establishment phase in eleven palms was almost constant: 37.5±0.7 years. 
The palms with smaller and larger diameters tend to flourish when the stems are 18 and 7 years 
old (44-55 years old from seedlings), respectively. We found that this species has a clumped 
spatial pattern. Several palms dated gave ages between 91 and 92 years, while others about 53 
years. The bell shaped frequency distribution of the palm’s length and age suggest a lack of 
younger palms in this area. We interpret that both, the clumped spatial pattern and their age 
distribution, are a legacy from past selective loggings that induced even-aged cohorts of palms at 
the landscape level. This species is not in equilibrium because the population tends to be reduced 
through time given that its doubling time is 37.4 years and its half-life 29.3 years. 
 
Keywords clumped spatial pattern; palm demography; even-aged population; duration of the 
establishment phase; radiocarbon dating; land-use effects 
2.2  Introduction 
Palms without stilt roots go through an establishment phase in which they lack an 
aboveground stem. This phase, also called rosette stage, starts when the seed’s reserves in the 
seedlings have been exhausted and goes until the beginning of the stem elongation phase, when 
they develop a subterranean stem with negative geotropism to which adventitious roots are 
attached (Tomlinson, 1990). This phase is critical for the overall development of palms because 
the subterranean stem depends on a unique apical meristem that is active during some time and 
then stops growing downwards to then produce the aerial stem (Tomlinson, 1990; 2006). In some 
species of palms this subterranean axis grows downward at the same time that progressively 
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longer leaves appear at ground level and the subterranean stem acquires an obconical shape, on 
the tip of this subterranean structure is located the oldest tissue of the palm (Tomlinson and 
Huggett, 2012). In other species, after growing downwards for a short period of time, the tip is 
curved and grows upward forming a saxophone-shaped structure (Tomlinson, 1990; Kahn and de 
Granville, 1992). The function of this underground stem is not known but de Granvile (1992) 
found in that this underground stem is common in understory palms and leads to funnel-shaped 
crowns, which act as a litter collector.  Only when a palm reaches its maximum diameter, 
vertical elongation of the stem begins and the leaves are attached to the aerial stem (Tomlinson, 
1990).  
Oenocarpus bataua var. bataua is a palm highly appreciated for its fruits because they are an 
important source of proteins and oil for humans and wild animals (Balick, 1992; Montúfar et al., 
2010). Only in Colombia this species has Amerindian name in 43 languages (Marmolejo et al., 
2006). Some of its common names are: mil pesos, chapil, seje, ungurahui, and ungurahua. O. 
bataua var. bataua is considered a key species of the tropical rain forests in all its geographic 
distribution covering the lowlands and premontane rainforests of the Amazon Basin and 
Northern South America (Henderson et al., 1995). It is also one of the top 10 hyper dominant 
species within the Amazon basin, with an estimated population size of 3.17 x 10
9
 individuals (ter 
Steege et al., 2013).  
There are several investigations about the establishment phase of many palm species; for 
example, in Sabal palmetto the duration of this phase has been estimated between 30 and 60 
years (McPherson and Williams, 1996) and in Ceroxylon alpinum as 57 years (Vergara-
Chaparro, 2002). However, despite the importance of O. bataua var. bataua, there is a lack of 
scientifically verifiable information about this important ontogenic phase, which remains largely 




unstudied, specially the characteristics of the subterranean stem. This information is important 
because it helps to determine the anchorage capacity and the resistance of the palm to forces that 
may cause its fall.  
Some researchers assert that most of the palms with single trunk and without stilt roots 
depend on canopy gaps to develop their stems (Schatz et al., 1985; Svenning, 2001). This has 
been demonstrated for O. bataua var. bataua, because according to Svenning (1999), the growth 
of this species is strongly dependent on gaps. In O. bataua var. oligocarpa the growth and 
population structure are directly controlled by light intensity, and can only begin the elongation 
of its stem with increased illumination by canopy openings (Sist and Puig, 1987). Some authors 
suggest that during the rosette stage O. bataua var. bataua is confined to the understory for many 
years, but capitalizes canopy gaps to elongate the stem (Vandermeer et al., 1974; Kahn, 1986; De 
Granville, 1992). However the dates of formation of these gaps and the age of O. bataua var. 
bataua palms that grow on them have not been established. Only del Valle et al. (2014) and 
Guarín and del Valle (2014) have previously dated with high accuracy the age of some stems of 
O. bataua var. bataua by radiocarbon. Other estimates of the age of the stems of both varieties of 
O. bataua have employed the Corner’s hypothesis (Corner, 1966) based on short-term 
observations and a small number of palms (Guarín and del Valle, 2014). According to this 
hypothesis, the age of the stem of a palm can be properly estimated by dividing the number of 
leaf scars on the stem of each palm plus its number of leaves on crown (SPL) by its annual rate 
of leaf-scar formation (RLS). Guarín and del Valle (2014) have suggested that these ages, based 
on the RLS, underestimate the real age by 28%.   
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In the Porce region in the Colombian Andes, we found previously a clumped pattern in the 
distribution of O. bataua var bataua. We hypothesize, that this pattern of adults of O. bataua 
var. bataua in the study area is a legacy of past anthropogenic activities related to selective 
loggings that have created appropriate light conditions for the establishment and growth of this 
species. Selective logging is the only disturbance in the area that might create such light 
conditions. If this is the case, we expect most palms from each plot that belong to even-aged 
cohorts to be synchronized with past successive loggings, despite differences in stems’ size. As 
Guarín and del Valle (2014) found in this same forest, the length (l) of the stems of O. bataua 
var. bataua significantly correlate with age, if the frequency distribution of the stems by classes 
of height or age within each plot follows a reversed J-shaped curve, the palms would be uneven-
aged because mortality is a function of age. If this were not the case, the palms would be more or 
less even-aged. With these arguments in mind we formulate the following additional hypotheses: 
(i) it is possible to precisely determine the age and the duration of the ontogenic phases of this 
species; (ii) both the age structure and the spatial pattern are keys to determine the effects of 
patch dynamics in the demography of this species; (iii) past selective loggings can explain the 
demography, age structure and the current spatial pattern of O. bataua var. bataua in the area 
studied. According to the hypotheses, we intent to answer the questions:  (i) what are the main 
morphological characteristics of the underground stem of this species and how long does it take 
for its formation?; (ii) what is the spatial pattern of this species at the landscape level, and what 
factors help to explain it?;  (iii) is the population structure and demography associated with the 
previous history of the forest?; (iv) is it the first flowering a function of the vigour of the palms? 





2.3.1 Study area  
Our study was conducted in an old-growth  premontane forest of the Porce River Canyon, 
Central Cordillera of the Colombian Andes, approximately between 6°44'50" - 6°47'33"N, and 
75°07'36" - 75°6'31"W. The mean annual precipitation is about 1 995 mm and the mean annual 
temperature at 960 m asl is 23.3 °C (Orrego et al. 2003). The permanent plots are located 
approximately between 1 000 and 1 200 m asl on a steep topography.  
2.3.2 Data collection 
We used a database of 36 permanent plots randomly established in proportion to area in three 
fragments of the forests; the total area of the fragments is about 700 ha (Orrego et al., 2003). At 
each plot of 0.1 ha in size (50 m x 20 m) the diameter at 1.3 m above ground (D) of all trees and 
palms ≥10 cm were measured between September 16, 1998 and April 04, 2000. In a subplot of 
0.01 ha (10 m x10 m), all plants between 1 cm and <10 cm in D were also measured. In these 
plots, 161 palms of O. bataua var. bataua with aerial stem were identified and marked (See 
Guarín and del Valle, 2014, for more details). We located the first flowering scar in the stem of 
79 palms and measured the length of the stem up to this scar. Additionally we counted the leaf 
scars formed below the flowering scar of each palm, and estimated the age at the first flowering 
using the mean rate of leaf scars formation (MRLS) (Guarín and del Valle, 2014) corrected with 
the regression between 
14
C-age=f(MRLS-age)  (See subheading 1.5) . We inventoried again the 
110 surviving palms in the permanent plots after 13.4 years and registered 41 palms that 
developed an aerial stem between both censuses. Additionally, between 2011 and 2013 we 
established at random 45 circular temporary plots of 0.1 ha containing at its centre another 
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circular plot of 0.01 ha where we made the same measurements as in the permanent plots. We 
estimated the aboveground live biomass (ALB) of the trees with a local allometric equation 
(Sierra et al., 2007), and the aboveground biomass of O. bataua var. bataua (OB) with another 
site-specific allometric equation (Orrego et al., 2003) for these forests. We fitted linear 
regressions between the OB and the ALB in the permanent and temporary plots to relate the patch 
dynamics of the forests with the presence of this palm. 
2.3.3 Exponential growth and mortality 
We use the exponential equation N2=N1e
rt
 to calculate the intrinsic rate of population growth 
(r>0), and the intrinsic rate of population mortality (r<0), in which N1=161, N2=161+41 for 
exponential growth, and N2=161-51 for exponential mortality, and t=13.4 years. The turnover 
time was calculated as |1/r| years, doubling time (t2) from 2=e
r(t2)




2.3.4 Spatial pattern of O. bataua 
We used the Byth and Ripley procedure (Byth and Ripley, 1980; Krebs, 1999), selecting at 
random in the forests 36 points approximately related to the area of each of the three fragments 
of forests. From each point, we measured the distance from the point to the nearest steamed O. 
bataua var. bataua, up to a maximum distance of 30 m. These distances were called x1, x2, x3 … 
x36.Then we selected at random 36 of the 110 O. bataua var. bataua that survived in the 
permanent plots, and measured the distance from each of these palms to the nearest neighbor 
stemmed O. bataua var. bataua in or out the permanent plots up to 30 m apart. These distances 
were called r1, r2, r3 …. r36.  We tested if palms in the population sampled have random pattern 
by means of the Hopkins’ test (h): 
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h is distributed as F with 18 degrees of freedom (36/2) both in the numerator as in the 
denominator. The F-test for h is a two tailed test.  
2.3.5 The age of aerial and subterranean stems 
Guarín and del Valle (2014) found that the RLS of palms of O. bataua var. bataua in the 
permanent plots during a mean lapse of 9.4 years between censuses, showed a negative 
allometric relationship with the lengths of the stems according to the equation 
RLS=0.8341(l)
0.3894
; or, ln(RLS)=ln(0.8341)+(0.3894)ln(l), r
2
=0.455, P=0.000. As the slope is 
significantly larger than zero, the RLS is not constant but increases from l=0 to the maximum l 
that corresponds to the final census of each palm. We can obtain a particular allometric equation 
for each palm (Guarín and del Valle, 2014). We next calculate the mean value of the RLS for 
each palm (MRLS) in the sample using the mean value of the function (See Guarín and del Valle 
(2014) for details). When we divide the number of leaf scars plus the number of crown´s leaves 
of each palm (SPL) by MRLS, we obtain a supposedly better estimate of the age of each stem 
than that obtained if we divide the SPL by the RLS.  
When we divide the MRLS of each palm by its respective RLS we obtain a linear function: 
MRLS=0.7197(RLS) as is shown in Fig. 2a. Since we know the RLS of all palms that survived 9.4 
years on average in the permanent plots, and the SPL in all these palms, we can estimate the age 
of the stem of each of these palms using both the MRLS and the RLS.  
To have an estimation of the total age of the palms, we must previously obtain an adequate 
approximation to the duration of the establishment phase of O. bataua var. bataua. To determine 
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the age of the establishment phase of O. bataua var. bataua we must take into account that the 
oldest cellulose of the wood of a palm is located at the tip of the underground structure 
(Tomlinson, 1990).  
We extracted wood samples for radiocarbon analysis of the cellulose from the base at ground 
level, under the first leaf scar of the stem of eleven palms whose barks were previously carefully 
cleaned. We also dug at one side of the palm and extracted wood from the tip of the subterranean 
stem. When the conventional radiocarbon method was used, we extracted about 15 - 20 g of dry 
wood. These analyses were made at the Marzeev Institute of Hygiene and Medical Ecology, 
Ukraine (Lab code IHME). When the Accelerator Mass Spectrometer method was used, we 
extracted about 1 g of sample, analyzed at the Max Planck Institute for Biogeochemistry (Lab 
code J) in Jena, Germany.  




C per mille) value during 
the bomb-period, there are two possible calendar years: one in the ascending phase of the curve 
before the peak in atmospheric F
14
C , and the other after the peak in the descendant phase to 
current days. An important issue is that all calibration programs give more probability for a 
radiocarbon date after the peak, even for organic material known to be produced before the peak 
(del Valle et al., 2014). Here we have calibrated the 
14
C analyses with CaliBomb (Reimer et al., 
2004) using the North Hemisphere Zone 2 curve with the purpose to obtain the tentative calendar 
years when these organic materials were formed. Then we used the method proposed by del 
Valle et al. (2014), to elucidate the real date of formation of the wood cellulose after 1954, as is 
explained in the results. To determine the duration of the establishment phase, we subtracted the 
calibrated date of wood cellulose at the base of the stem from the calibrated date of the wood 
cellulose from the tip of the subterranean stem that retains the oldest cellulose in a palm.  





2.4.1 The adult underground axis of O. bataua 
The adult underground axis of O. bataua var. bataua is composed of two parts from ground 
level to the subsoil. First, in most of them there is a stem with similar characteristics as the aerial 
stem, usually without adventitious roots and with leaf scars (Fig. 1b), whose length reaches up to 
55 cm, 32±18 cm on average (± standard deviation). Then it follows usually a V-shaped axis 
between 21 and 73 cm in length, 41±19 cm on average, to which the adventitious roots are 
attached. The apex of this structure sometimes is a little curved to one side (Fig. 1b), but it could 
also be U-shaped or L-shaped (Fig. 1a), which resembles the saxophone-shaped structure 
described by Tomlinson (1990). So, the total underground stem reaches from 46 to 92 cm depth, 
73±13 cm on average. In O. bataua var. bataua, the upper portion of the subterranean axis 
usually shows scars of leaves similar to the above ground stem (Fig. 1b). However, in the part of 
the axis with adventitious roots attached to it, these scars are not evident on the surface. In very 
wet soils we observed that the first portion of the underground stem is covered with adventitious 
roots, and we even observed a cone of adventitious roots at ground level of some stems, but 
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Fig. 1 Underground axis of Oenocarpus bataua with a U-shaped structure, the arrow shows the 
tip of the underground axis (a). Characteristic V-shaped structure with a slight leftward 
curvature, the up arrow shows the ground level and the down arrow the tip of the underground 
axis (b). It is shown a cone of adventitious roots aboveground (c). 
 




2.4.2 Dating the duration of the establishment phase and palms’ age  
 
As shown in Table 1, the age of the stems resulting from subtracting the most probable 
radiocarbon date from the date when radiocarbon was analyzed could give erroneous ages. For 
example, for the palm sample taken from the base of the stem (1s in Table 1), the midpoint 
calibrated radiocarbon date was 1996 with 100% probability within ±1σ, and 96% probability 
within ±2σ. As the date of the 
14
C measurement was 2011.7, thus this stem would most probably 
be 2011.7-1996=15.7 years old. We made the same calculations with the others samples in Table 
1. For the sample 1r and within ±1σ, CaliBomb gives midpoint 1995.8 (100% probability), and 
within ±2σ gives: midpoint 1958.2 (7.6% probability) and midpoint 1995.8 (92.4% probability). 
According to these dates, the sample from the tip of the underground stem (sample 1r) has, with 
high probability (92.4%), virtually the same age than the sample from the base of the stem 
(sample 1s, Table 1), because it seems that both samples were formed at almost the same time: 
1996.0 and 1995.8 . However, this conclusion would contradict what we know about the growth 
of palms (Tomlinson, 1990). In fact, the problem arises because, as we explained before, 
CaliBomb always gives more probability to the calibrated dates after the bomb peak (1964) than 
before it (del Valle et al., 2014). Consequently, the real date when the tip of the underground axis 
of this palm was formed was 1958.2, despite its apparent low probability (7.6%). It was 53.5 
years old when the radiocarbon analysis was done: 2011.7- 1958.2=53.5 years, thereby, the 
duration of the rosette phase for this palm is 37.8 years: 1958.2-1996.0=37.8 years. The same 
explanation is applied to the others palms (Table 1). In Fig. 4a we present the results of the 
calibration dating of other palm as well as our interpretation of these calibrations. 
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Table 1 Age determination by post bomb 
14
C of aerial and underground stem of Oenocarpus bataua 
using CaliBomb and the procedure of del Valle et al. (2014): a, age of the palm´s stem; b, total palm age; 
s, wood sample from the stem at ground level; r, wood sample from the tip of the subterranean stem; AD, 
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The results presented in Table 1 show that these palms are even-aged in all the ontogenetic 
phases we have dated by radiocarbon, namely: duration of the establishment phase (37.5±0.7 
years), stem’s age (16±0.7 years), and adult vegetative age (53.5±0.11 years). This means that: 
(i) all these palms began their establishment phase simultaneously around the beginning of 1959 
(2011.7-53.5=1958.2), so that today (2014) they are 57 years old, approximately; (ii) the duration 
of the establishment phase between 37 and 38 years, is virtually the same in all studied palms; 
(iii) all palms started developing the aerial stem simultaneously about 16 years ago.  
We obtained two regressions to estimate the 
14
C-ages of stems as a function of the MRLS-ages 
and of the RLS-ages, based on 27 dated stems (Figs. 2c and 2d). Statistically, both regressions fit 
identically; however, the regression 
14
C-age versus RLS-age has a slope nearer to one (0.84) than 
the regression 
14
C-age versus MRLS-age (≈0.61). Both regressions yield identical 
14
C-ages 
because the lower slope with MRLS was offset by higher values of RLS, as shown in Fig. 2a. 
We also obtained for each permanent plot the ages of the stems of all palms estimated by 
MRLS, the age of all stems estimated with the regression 
14
C-age=f(MRLS-age), and the age of 
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some stems whose ages have been determined by 
14
C (Table 2). In this table, the ages of the 
eleven stems of Table 1 are included. In addition to the stems dated by 
14
C with about 16 years 
old previously mentioned, there are six stems also dated by 
14
C of  about 15.9 - 18.9 years old, 
and three close to 54 years old. If we add the establishment phase duration of 37.5 years to these 
ages, we conclude that all these palms are at present (2014) about 91 - 92 years old and started 
growing around 1922 - 1923 AD. This means that these palms, belonging to four different 
permanent plots randomly set in a forested landscape, and other palms outside these plots, are 
even-aged. In addition, there were other 18 stems around 15 - 17 years old (Table 2), which after 
adding the establishment period would have right now about 55 - 56 years old, and they seem to 
represent another even-aged cohort of palms whose seeds germinated around 1958 - 1959 AD.  
Table 2 Number of Oenocarpus bataua palms during the second census after 9.4 years in each 
permanent plot (0.1ha) and the ages of their stems estimated with the mean value of the rate of 
leaf-scare formation (MRLS). In parentheses and in bold are stems dated also with radiocarbon 
and calibrated with CaliBomb. At the end of the table others palms dated by radiocarbon outside 
the permanent plots updated to 2011.7. In the column “Stems age by 
14
C” we estimated the 


















1 1 53.2 34 
2 4 35; 36.7; 42.5; 52.4 22.9; 24; 27.5; 33.5 
3 1 96.8 60.4 
4 2 45.4; 52.2 29.3; 33.4 
5 1 100.8 62.9 
6 5 26.3; 38; 38.4; 75.4; 118.6  17.7; 24.7; 25; 47.4; 73.7  




Table 2 (Continuation) 
a 
The RLS of these palms were estimated with the allometric relationship between RLS and l (See text). The MRLS 
















7 2 37.5; 115.9 24.3; 72 
8 16 37.3; 37.6; (43.8;53.6); 45.1; 45.5;  
56.3; 57.3; 59.8; 70.1; (70.3;53.6);  
83.2; 88.2; 96.2; 100.2; 104.3; 
113 
24.3; 24.5; (53.6); 29.1; 29.3; 35.9; 
36.5; 38; 44.3; (53.6); 52.2; 55.2; 60.1; 
62.5; 65; 70.3 
9 4 64.9; 68.3; 76.5; 95.4 41.1; 43.2; 48.1; 59.6 
10 17 (22.0;14.8); 29.2; (34.1;15.7); 
 (34.4;52.45); 41.6; 47; 51.6;  
(58.2;19.48); 62.9; 65; 69.5; 82.4; 
 86.4; 94.8; 108.3; 111.6; 130.6 
(14.8); 19.4; (15.7);(52.45) 26.9; 30.2; 
33; (19.48); 39.8; 41.1; 43.9; 51.7; 
54.1; 59.3; 67.4; 69.4; 80.9 
11 9 33.5; 38.5; 44; 60.9; 66.3; 71.5;  
79.6; 83.9; 119.4 
22; 25; 28.4; 38.6; 41.9; 45.1; 50; 
52.6; 74.1 
12 14 46.2; (52.4; 52.22); 58.4; 59; 59.2;  
(71.9; 52.3); 73; 75.4; 75.8; 75.9;  
77.1; 78.4; 90.2; 100 
29.7; (52.22); 37.1; 37.5; 37.6; (52.3) 
46; 47.4; 47.7; 47.8; 48.5; 49.3; 56.4; 
62.4 
13 3 (34.7; 17.3); 41.8; 47.1 (17.3); 27.1; 30.3 
14 1 (34.8; 16.9) (16.9) 
15 5 31.3; 34.5; 34.5; 58.4; 82.6 20.7; 22.6; 22.6; 37.1; 51.8 
16 24 (36.1; 16.8); 40; 46.3; 56.9; 61.9;  
62.0; 62.6; 64.2; (65.4; 53.41); 
66.8;  
68.4; 69.4; 72.6; 77.0; 79.4; 79.4;  
81.4; 81.4; 84.1; 87.3; 88.1; 92.2; 
 95.8; 129.5  
(16.8); 26; 29.8; 36.2; 39.3; 39.3; 39.7; 
40.7; (53.41); 42.3; 43.2; 43.8; 45.7; 
48.4; 49.9; 49.9; 51.1; 51.1; 52.7; 





(33; 15.6); (21.1; 15.6); (22.4; 
15.6); (16.8; 15.7); (23.2; 
15.9);(19.7; 15.9); (23.6; 16); 
(36.2; 16); (32.6; 16); (38.3;16.6); 
(77.8; 18.3); (56; 18.9); (80.2; 
53.6); (38.7; 53.6); (59.2; 53.6) 
(15.6);(15.6);(15.6);(15.7);(15.9); 
(15.9); (16);(16);(16);  
(16.6);(18.3);(18.9);(53.6);(53.6);(53.6
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Regarding the ages of the stems within each permanent plot (Right hand column in Table 2), 
estimated using the relation 
14
C-age=f(MRLS-age), it is very noticeable the absence of young 
stems below 15 years. Palms older than this minimum age correspond very well with palms that 
when we established the plots 13.4 years ago just initiated the phase of stem formation. In all 
permanent plots (Table 2), the ages between 40 - 60 years old are the most frequent (43%). The 
age distribution of all stems during the second census (after 9.4 years; Guarín and del Valle, 
2014) tends to be a bell-shaped curve at the forest landscape level according to the Kolmogorov-
Smirnov test (P=0.4193) with a mean of 42.03±15.10 years old (Fig. 3a). Similar frequency 
distributions exhibited the stem lengths (Fig. 3b) and diameters (Fig. 3c). At the landscape scale, 
there is a scarcity of young and small stems that can potentially replace those who die to 
maintain a relatively stable population over time (Fig. 3c). 
Notwithstanding that O. bataua var. bataua does not have any secondary growth; there exist a 
significant linear relationship between l and D (Fig. 2b). The stem ages at first flowering 
correlated negatively and significantly with D (n=79, r= 0.426, P=0.001, Fig. 4b).  
 





Fig. 2. Relationship between MRLS (Mean value of the rate of leaf-scar formation) and RLS 
(Rate of leaf-scar formation) in Oenocarpus bataua, MRLS=0.7197(RLS) (a). Regression 
between the stem length and the diameter at 1.3 m aboveground: l =-1.8440+0.9578(D), n=109, 
r
2
=0.382, MSE=2.7910, P=0.000 (b). Regression between 
14 
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2.4.3 Spatial pattern of adult palms at landscape scale 
We found that the distance from each point to the nearest stemmed O. bataua var. bataua, was 
between 1.4 and 30 m (11.6±9.2 m on average). And the distance from each palm to the nearest 
neighbor stemmed palm, was between 0.5 and 30 m (5.7±6.1 m on average). The Hopkins’ test 
(h) was:  h= 7836.82/2498.56=3.14. We then tested the hypothesis whether stemmed O. 
bataua var. bataua have a random pattern (Ho) versus not random pattern (Ha).  As F0.025, 18 df 
=2.60 and F0.095, 18 df =0.38, and h>2.60, therefore Ho is rejected and we conclude that the spatial 
pattern of stemmed O. bataua var. bataua palms is clumped in our study area. The distance from 
the random point to the nearest neighbor gives a population density: N1=n/(πΣ(xi
2







. The distance from the random palm to the nearest 
neighbor gives a population density N2=n/(πΣ(ri
2











 , or 26±2.5 palms·ha
-1
 with ±95% confidence intervals 
(Krebs, 1999). 





Fig. 3. It shows the frequency distribution by ages of Oenocarpus bataua after the second 





=0.358, P=0.001, the MRLS is the mean value of the rate of leaves’ scars formation (a). It 
presents the frequency distributions by lengths (b). It presents the frequency distribution of the 
diameter at breast height, D, (c). 
2.4.4 Demographic results  
The exponential population growth of stemmed palms gives N2=N1e
0.01852(t).
. So the doubling 
time t2=37.4 years, and the turnover time = |1/(0.01852 years
-1
)| = 54 years. The exponential 
population mortality gives N2=N1e-
0.02366(t)
, its half-life t0.5=29.3 years, and its turnover time = 
|(1/(-0.02366 years
-1
)| = 42.3 years. Therefore, this population is far from equilibrium because 
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the absolute value of the rate of mortality (0.02366) largely exceeds  the rate of population 
growth (0.01852). 
2.4.5 Patch dynamics of O. bataua var. bataua 
We found an L-shaped relationship statistically significant between the BO versus ALB on the 
plots (Fig. 4c). The ALB varies from 83 to 998 Mg·ha
-1
 (Mean 224.3±158.1 Mg·ha
-1
) and the BO 
from 0 to 145.5 Mg·ha
-1
 (Mean 17.7±23.2 Mg·ha
-1
). There are plots with up to 520 stemmed O. 
bataua var. bataua·ha
-1
 that represent most of the biomass of the plot. The trend of the Fig. 4c 
shows that plots with ALB over approximately 300 Mg·ha
-1
 have little or any OB. On the other 
hand, those plots under this limit have an increasing OB.  
2.5 Discussion 
2.5.1  Shape and duration of the underground axis of O. bataua var. bataua  
In the real saxophone-shaped subterranean axes described in the literature for many palms 
(Tomlinson, 1990; McPherson and Williams, 1996; Montúfar et al., 2011) this characteristic is 
observed from seedling growth up to adulthood as a genetic trait of the species. This is not the 
case in O. bataua var. bataua in which the dominant shape of the underground stem is basically 
obconical. However, our Fig. 1a illustrates in an adult an underground stem similar to a 
saxophone, that appears to have been acquired due to environmental factors such as the presence 
of hard or compacted soils difficult to penetrate by this stem. The length of the underground stem 
of this species reaches only from 46 to 92 cm, which appears very short for a palm that reaches 
up to 24 m in height. As larger diameter palms tend to be higher (Fig. 2b) but not necessarily 
have a deeper underground stem, they are prone to overturning, as was the case in some of our 
palms. 





Fig. 4. Dating the age of a palm, the age of the stem and the duration of the establishment stage 
of palm 10 in Table 1 with 
14
C using the procedure of del Valle et al. (2014): The sample 10s 
(discontinuous line) was analyzed in 2010.6, taken from the stem at ground level, crosses the 
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curve of atmospheric radiocarbon in two dates, 1958.4 (4.9% probability according to 
CaliBomb) and 1995.8 (92.4%). The sample 10r (continuous line) was analysed in 2011.7, taken 
from the tip of the subterranean stem, crosses the radiocarbon curve in two dates, 1958.2 (7.6%) 
and 1992.2 (92.4%). As for sure, sample 10r is older than sample 10s, the palm age is (2011.7-
1958.4) 53.3 years old and not the “most probable” (2011.7-1992.2) 19.5 years old. Doing a 
similar reflection, the age of the palm´s stem is (2010.6-1995.8) 14.8 years old. The duration of 
the establishment growth is (53.3-14.8) 38.5 years (a). Age (
14
C-age) at the first flowering of 
Oenocarpus bataua as a function of the diameter (D) of the palms (
14
C-age=23.0371-0.5823(D), 
n=79, r=-0.426, P=0.001) (b). Relationship between stemmed Oenocarpus bataua palms 
biomass (OB) and aboveground live biomass (ALB) of the forest based on 81 permanent and 
temporary plots with the regression: OB=15714.3(EXP)(-2.650)(ALB)
0.1827
, r=-0.501, MSE= 
3.24, P=0.000 (c). 
The constancy in the duration of the rosette phase found in this species (37.5±0.7 years) 
seems to have no background in the literature on palms. Moreover, this is the first time in which 
it is determined by radiocarbon the duration of this phase for a population. In wild palms, the 
most used method to estimate the duration of the establishment phase is indirect because it is 
based on determining the transition probabilities between different ontogenetic stages from 
seedlings to adults, observed during a short window of only a few years (Pinard and Putz, 1992; 
McPherson and Williams, 1996; Bernal, 1998; Rodríguez-Buriticá et al., 2005). This approach 
assumes that during a very limited time lapse of observations, the palms are subject to the same 
environmental conditions that they must overcome since seedling to adulthood, which could last 
up to some decades. For this reason, our results are not comparable with those from previous 
studies. 




The low standard deviation in the duration of the rosette stage implies that once the palms 
have developed their underground stem, immediately begin developing the aerial stem. 
According to the de Granville (1992), palms without stilt roots, as O. bataua var. bataua, after 
the establishment phase wait for gaps in the canopy, and only when it opens they start the stem 
growth phase to reach the top canopy (Homeostatic phase); but in open vegetation the 
homeostatic phase does not occur (de Granville, 1992; Kahn and Granville, 1992). In the study 
area our results do not support the idea of the homeostatic phase, because the stems of our palms 
start growing up immediately after the establishment phase. In our permanent plots some palms 
in an advanced rosette stage during the first census died before the second census 13.4 years 
later. We think that if during this phase palms do not receive enough sunshine die after a few 
years, but they do not enter in a homeostatic phase virtually without metabolic activity. 
2.5.2 Diameter-length relationship and age at first flowering 
The positive correlation between D and l (Fig. 2b) is explained because  stems with larger 
diameters are more vigorous and grow taller. The difference in variance between l and D (Figs. 
3b and 3c) is probably associated with the dependence of l on not only age, but also D. 
The negative correlation between the age of the stems at first flowering and D (Fig. 4b) means 
that palms with the largest diameter in the sample (D=28 cm) tend to flower at about 7 years and 
stems with the smaller diameters (D=9 cm) at about 18 year. Adding the duration of the 
establishment phase of about 37 years on average, these palms need from seedlings to flowering 
a minimum of 44 years and a maximum of 55 years. These results are in conflict whit 
information about the years elapsed for flowering given by other researchers, based on 
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information provided by inhabitants of the forests, who found that this variety flowers after 12 
years (Miranda et al., 2009) or between 15 and 30 years (Játiva and Alarcón, 1994). 
2.5.3 The age of O. bataua var. bataua palms 
 We determined here accurately the age of 11 palms and the ages of several stems using 
radiocarbon. Determining the age of palm stems, or their total ages using 
14
C, is actually easier 
and less destructive than in trees without annual growth rings. In palms, the wood samples for 
14
C analysis would be taken from the tip of the underground stems, for total ages, or from the 
surface wood at the base of the stems, which for the stems’ age is a minimally invasive 
procedure.  
Although Guarín and del Valle (2014) consider that the result of dividing the SPL by the 
MRLS is a better method to estimate the age of the stems of palms than the usual procedure of 




C-age=f(MRLS-age)  give identical results. The fact that the slope of 
the regression 
14
C-age=f(RLS-age) is 0.84, 16% less than the slope that would correspond to 
14
C-
age=f(SPL-age), and that this regression, although statistically significant, explains only 36% of 
the observed variance, implies that the duration of observation of the RLS (9.4 years, Guarín and 
del Valle, 2014) is short; but also, many more 
14
C analysis would be required to validate this 
equation. 
2.5.4 Spatial pattern 
Reproductive and non-reproductive adults of O.bataua var. bataua have been reported in 
some studies with contrasting spatial patterns: uniform, clumped, and random (Cabrera and 
Wallace, 2007, Vomisto et al., 2004, Svenning, 1999a). In the same area of our study, Rojas-




Robles et al. (2008) used a plot of 100 m x 100 m, subdivided in 20 m x 20 m subplots, in each 
of three forest fragments to study the spatial pattern of O. bataua var. bataua. For adults and sub 
adults, the spatial pattern was random in two fragments, but in the other was clumped for sub 
adults and uniform for adults. These results contrast with ours that showed a clumped pattern. 
We believe that the sampling used by Rojas-Robles et al. (2008) allows determining the spatial 
pattern of O. bataua var. bataua individuals within the clumps, but not the spatial pattern of this 
species at landscape level. Moreover, the observations taken into the 25 subplots within each plot 
of 100 m x 100 m imply that these quadrats are not randomly distributed, then the observations 
made on them are not statistically independent (Pseudoreplications). We think, as stated by 
others (Kahn and de Granville, 1992; Svenning, 2001; Montúfar et al., 2011; Rodríguez-Parédes 
et al., 2012) that O. bataua var. bataua depends on large gaps for recruitment to adulthood, and 
among them of human-induced disturbances, and that these gaps induced the clumped pattern we 
found.  
2.5.5 O. bataua var. bataua and patch dynamics  
Our results suggest that in our study area O. bataua var. bataua depends on the existence of 
gaps in the canopy to grow up to adulthood, and that when these gaps are large (0.1 ha or so) and 
there are abundant seeds or seedlings on the ground, this species forms clumps of monodominant 
relatively even-aged stands. At the landscape level, the population of O. bataua var. bataua 
declines because apparently decades ago there are not new large gaps usually produced by 
loggings. These facts support this assertion: 
 (i) L-shaped structure of OB versus ALB (Fig. 4c) could mean that after a large gap is formed, 
patches of palms grow up favored by the abundant light. After many years when large trees reach 
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the canopy and surpasses in height the palms, the population of palms tends to decline because 
there is little recruitment. Kahn (1986) and Kahn and de Granville (1992) suggested that canopy 
palms depend on large gaps for recruitment to the adult stage because of high light requirements 
for stem development. Although such a simple relationship is not supported by the available 
growth studies with several palm species (Svenning, 2001), it seems a correct hypothesis for O. 
bataua var. bataua (Svenning, 1999b, 2001). As the juveniles grow in size, O. bataua var. 
bataua becomes increasingly restricted to gap microsites, resulting in pre-adults and small adults 
being largely restricted to growing below major canopy gaps (Svenning, 2000, 2001). Sist and 
Puig (1987) suggested that large juveniles O.bataua var. oligocarpa are also associated with 
gaps.  
(ii) The bell-shaped structures of ages and sizes (Fig. 3) mean that the palm population both 
within the permanent plots (Table 2) as well as in the landscape sampled (Fig. 3) are not in 
equilibrium because there are few small or young palms to replace dying palms. It is currently 
accepted that reversed J-shaped frequency distributions of the heights of palms is an indication of 
a relatively stable uneven-aged population (Martínez-Ramos et al., 1988; Pinard, 1993; Silva-
Matos et al., 1999; Sedrez dos Reis et al., 2000; Wright, 2005). The bell-shaped distributions are 
usually interpreted to be more or less even-aged populations resulting from natural pulses of 
recruitment (Vogl and Mchargue, 1966; Bonadie, 1998; Tanner et al., 1991; Puechagut et al., 
2013) or by anthropogenic interventions such as logging and harvesting for palm heart (Sedres 
dos Reis et al., 2000; Fantini and Guries, 2007). In our study area, the only reasonable possibility 
of forest disturbance that would produce gaps about 0.1 ha is the selective logging of valuable 
trees. It is known that between 1920 and 1930 a primitive road was constructed to access both 
the rich gold mines and the timber from forests required for railroad tracks (Fernández, 1928; 




Sanin, 1935). These dates approximately correspond to the years 1922-1923 when several palms 
initiate to growth as was explained before. It is possible that other pulses of selective loggings 
have left their signature on the structure and ages of the palms as may have occurred roughly 
between 1958 and 1961 according to the palms we have dated before (Table 1 and Table 2). 
These human disturbances must have triggered an intense patch dynamics in the forest, whose 
legacy is still evident both in the age structure and in the clumped spatial pattern of the palms. In 
tropical forest this signature should be detectable for centuries (Bonadie, 1998; Svenning et al., 
2004; Wright, 2005). The population decline is confirmed by the doubling time of stemmed 
palms (37.4 years) that exceeds in 8.1 years its half-life (29.3 years).  
2.6 Conclusions 
The total underground stem of O. bataua var bataua is obconically-shaped and reaches 73±13 
cm long. The duration of the establishment phase of this species dated by radiocarbon in 11 
palms of 37.5±0.7 years is amazingly constant and without homeostatic time in the study area 
between the phases of establishment and adult vegetative, as has been suggested. In the study 
area, O. bataua var. bataua has a spatially dispersed clumped pattern and grows in relatively 
even-aged cohorts. This population estimated as 12390±1750 palms in 700 ha (95% confidence) 
tends to be reduced with time because the absolute values of the intrinsic rate of growth 
(r=0.01852), is much lower than the intrinsic rate of mortality (r= 0.02366). The clumps of O. 
bataua var. bataua tend to be associated with forest stands of low to medium aboveground live 
biomass. All evidence obtained lead us to the conclusion that the forest has been episodically 
subjected to selective logging that create gaps with plenty of ligh in sites with abundant seeds or 
seedlings of O. bataua var. bataua that promote their establishment and development. When 
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trees cover the entire upper canopy, and greatly exceed the palms’ height, the recruitment of O. 
bataua var. bataua is no more possible, at the same time the oldest palms tend to die, resulting in 
stands with very high aboveground tree biomass, but little or no biomass of O. bataua var. 
bataua. Due to the lack of selective logging in the past 55 years, the population of O. bataua var. 
bataua is currently declining in this landscape, and will probably reach a population size lower 
than the current one.  
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